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Introduction 
 
One of the most common PET isotopes, 18F, is 
mainly produced in liquid targets. The produc-
tion yield depends linearly on the proton beam 
current used. However, for a fixed proton-beam 
energy increasing the current of the proton 
beam results in depositing increasing amounts 
of heat into the enclosed water target chamber 
and eventually in its failure. Hence, understand-
ing the thermodynamics of a water target 
chamber could lead to a target optimization, 
removing the maximum amount of heat to bal-
ance the pressure, increasing the yield and guar-
anteeing the stability and durability of the sys-
tem. Work in modeling the thermodynamic 
processes in a liquid target has also been per-
formed by other groups [1-3] and others such as 
Steinbach [4] have performed analytical analyses 
of thermal behavior. 
 
Material and Methods 
 
In order to comprehensively understand the 
thermodynamics of a liquid target a numerical 
model based on the integral analysis of a cou-
pled system of energy equations is proposed. 
The governing equations (equations 1-5) are 
derived based on a simplified geometry shown 
in FIG. 1. It is assumed that the chamber is com-
pletely filled with water; hence the effect of 
initial void fraction and consequently the effect 
of non-condensable gas are not included.  
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FIGURE 1. Water target model geometry. 
 
The definition of the parameters is listed in 
Table 1. Note that in equation 3, c  is the speed 
of sound in the foil which depends on the modu-
lus of elasticity and density of its material. The 
model geometry consists of six domains: 
 
• Domain (I): target water chamber 
• Domain (2): water cooling system 
• Domain (3): target body back wall 
• Domains (4, 5): target body 
• Domain (6): HAVAR® foil and helium-jet 
cooling system 
 
Equation 1 is a system of coupled ordinary 
differential equations which describes the ther-
mal coupling between the domains. Since the 
system is closed, there will be a coupling be-
tween pressure and temperature inside the 
chamber. Here, we assume equilibrium exists 
between temperature and pressure in chamber 
1 and the relationship is given by the steam 
tables. For brevity, equation 2 represents the 
relationship between T1 and P. It is applied 
piecewise over all states of the system, i.e. fully 
liquid, mixed liquid-vapor, or fully vapor. Based 
on the geometry design and the beam-entrance 
Havar® foil mechanical strength in typical cyclo-
tron water targets, it is presumed that the third 
condition in Equation 2 is not plausible i.e. that 
the liquid water inside the chamber does not 
entirely become vapor. Before reaching this 
state either the system fails or the pressure 
inside the chamber increases to very high values 
such that the vapor condenses back to liquid. In 
our model, the effect of fluid-structure interac-
tion (the deformation of HAVAR® foil) is coupled 
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to the system of equations using the equation of 
a vibrating membrane. Note that the variation of 
pressure results in the variation of the target 
water temperature and its physical properties. 
Hence, the properties of water and water-vapor 
are temperature dependent and are computed 
from the steam-table information. The coupling 
between the fluid inside the chamber and the 
HAVAR® foil is a coupled fluid-structure interac-
tion problem. To simplify the complexity of the 
problem at this stage, the coupling due to the 
pressure has only been taken into account. 
Equation 3 models the dynamic behavior of the 
HAVAR® foil with respect to the input pressure 
signal. Equation 4 is the conservation equation 
on volume which must always be satisfied. Equa-
tion 5 describes the dependency of the mass 
and volume fractions of the liquid. The program 
for the numerical scheme is developed in C/C++ 
platform and uses C++/FreeSteam library for the 
water and water-vapor properties data. 
 
Results and Conclusion 
 
FIG. 2 shows the results of the simulation for the 
case of different beam power source terms 
(beam power deposited in the target water), S = 
2.5 W as an extremely low beam power example 
and S = 250 W. Each case is simulated for two 
different target body water cooling flow rates: 
one representing a laminar flow (Re = 500) and 
the other representing turbulent flow (Re = 
5000). FIG. 2 shows that the system with a 
source term of S = 2.5 W reaches steady-state at 
a very low temperature for turbulent flow cool-
ing. However, the steady state will be met at 
much higher temperatures for the laminar cool-
ing case. This is because the values of Nusselt 
number (non-dimensional convective heat trans-
fer coefficient) for the turbulent cooling system 
is much higher than for the laminar cooling sys-
tems. In this simple geometry no steady state 
situation is observed for S = 250 W for either 
laminar or turbulent flow. This is because the 
order of magnitude of the source term is much 
larger than the order of magnitude of the heat 
removal which is controlled by the heat transfer 
coefficients.  
FIG. 3 compares the simulation of the target 
body cooled with water to the case of pre-
cooling the target body with liquid nitrogen 
before irradiation as well as having the target 
body surrounded in liquid nitrogen, all three 
with a heat source term of S=250 W. In all these 
three test cases the turbulent water cooling (Re 
= 10000) has been applied (soaking the target in 
the liquid Nitrogen is just a computation hy-
pothesis). 
 
FIGURE 2. Target water temperature vs. time for 
different heat sources and different target body 
water-cooling flow rates. 
 
The results show that the rate of change of 
temperature for both pre-cooled system and 
immersed system are slower than the system in 
the standard condition, however these effects 
are not very significant in the range of the simu-
lations. This is because the heat-transfer mech-
anism of the water target systems are dictated 
by the order of magnitude of the heat source 
term and the heat transfer coefficients. Hence 
the effect of the initial temperature of the target 
body will be completely removed after a short 
time if the order of magnitude of the source 
term is large. Furthermore, the simulations show 
that reaching steady-state situation is more 
achievable for the system which is immersed in 
the liquid nitrogen.  
 
FIGURE 3. Target water temperature vs. time for 
water cooling (red), pre-cooling of the target 
body with liquid nitrogen (blue), and immersing 
the target body during the irradiation in liquid 
nitrogen (black).  
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FIGURE 4. Target water temperature vs. time - 
Studying the effect of the order of magnitude of 
the convective heat transfer coefficient on the 
overall heat removal. 
 
FIG. 4 shows the simulation result of the target 
(S=250 W) employing different convective heat 
transfer coefficients between the target body 
and the cooling water channel. The results show 
that the convective heat transfer coefficient has 
a significant effect on the heat removal. The 
system reaches the steady state condition faster 
and at a lower temperature by increasing the 
heat transfer coefficient by a factor of five. The 
value of the convective heat transfer coefficient 
between the target water and the target body 
water cooling channel depends on the order of 
magnitude of the convective heat transfer coef-
ficients from the target water into the target 
body and from the body into the cooling water: 
1/h12=1/h13+1/h32. This implies that increasing 
the target body cooling has a diminishing effect 
after reaching a certain point where the heat 
transfer from the target water to the target 
body becomes the limiting factor. Hence, finding 
a way to increase the convective heat transfer 
coefficient of the cavity (inside the chamber) is 
mandatory to increase the overall heat transfer 
coefficient. 
Modeling the cyclotron water targets using 
the integral analysis of the coupled system of 
energy equations and fluid-structure interaction 
has the advantage of giving an intuition of how a 
complex coupled system works. The current 
approach gives us a preliminary idea of how 
some dominant parameters balances each other 
and which coefficients can control the heat 
transfer from the chamber to some extent. Nev-
ertheless, the current method cannot elaborate 
the complete physics behind the problem. The 
integral method requires a number of simplifica-
tions and assumptions. For instance, the effect 
of bubble generation, velocity field and large 
temperature gradient due to the proton beam 
has not taken into account however; the authors 
believe the current method can anticipate the 
major behavior of the system to a reasonable 
extent. 
 
Parameter Description 
ijH  function of heat transfer coefficient 
between domains (i) and (j) 
P  pressure  
0P  atmospheric pressure 
Re  Reynolds number 
iS  function of heat source in domain (i) 
iT  temperature of domain (i) 
0V  Initial volume of chamber 
c  speed of sound  
0m  total mass of water and water vapor 
t  time 
w  foil deflection 
iΛ  function of latent heat in domain (i) 
ρ  density 
lρ  density of liquid water in domain (1) 
gρ  density of water vapor in domain (1) 
χ  mass fraction of liquid 
f  volume fraction of liquid 
γ  mass per unit area of the foil 
σ  surface tension of the foil 
  
TABLE 1. Nomenclature for equations 1-5. 
 
A method based on the integral analysis of 
the coupled system of energy equations and 
fluid-structure interaction is proposed to com-
pute the transient and steady-state behavior of 
the field parameters. The method presents the 
system of linear time-dependent equations 
based on the energy balance of different do-
mains, applies the values of the standard steam 
table to compute the corresponding pressure, 
uses the linear partial differential equation for 
computing the deflection of the membrane and 
update the corresponding volume and finally 
applies the conservation of volume to complete 
the system of coupled equations. The system of 
equations is complete for the targets without 
having initial void fractions and non-
condensable gases. Some test cases are mod-
eled and the results follow the expected physics. 
However the current model has some sources of 
error which has been elaborated in the paper. 
The system of equations which includes the 
effect of non-condensable gases is underway. 
1Corresponding author, E-mail: choehr@triumf.ca 
In summary, we present a system of equa-
tions that is capable of describing the overall 
behaviour of a liquid target system. These equa-
tions are used to simulate the thermal behaviour 
of a simplified water target and identify poten-
tial improvements. 
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